The vulva of the nematode Cuenorhabditis elegans develops from the three vulva1 precursor cells (VPCs) that are induced by a signal from the gonadal anchor cell. This signal is thought to be mediated by a receptor tyrosine kinase (RTK) in the VPCs to a downstream signal transduction pathway. A mitogen-activated protein kinase kinase (MAPKK) has been found to be one of the major components of an RTK pathway in other organisms. We expressed a wild type and an activated cDNA of Dsorl, a Drosophiia MAPKK, in each of the three vulvaless mutants lin-3, let-23 and En-4.5. The expression of an activated form of Dsorl in each of the mutants effectively induced a normal, functional vulva, that is, suppressed the vulvaless phenotype. The wild type Dsorl also suppressed albeit less effectively. These results suggest that a MAPKK is involved in the vulva1 induction of C. ekgans.
Introduction
Development of a hermaphrodite vulva in the nematode Caenorhabditis elegans has been studied intensively as a model system to understand the mechanisms by which intercellular interactions specify a pattern of cell fates (for review, see Horvitz, 1988; Sternberg, 1990) . There are six vulva1 precursor cells (VPCs or P3.p-P8.p cells) in the ectoderm of wild type animals. The VPC nearest the gonadal anchor cell (AC), which is normally P6.p, adopts the primary vulva1 fate (1" fate), and the Pn.p cells flanking a 1" fate cell (P5.p and P7.p) adopt the secondary vulva1 fate (2" fate) (Sulston and Horvitz, 1977) . These three Pn.p cells produce 22 descendant cells which form the vulva1 tissue (Fig. 1) . The other three VPCs adopt the hypodermal or 3" fate, and after one division fuse with the surrounding hypodermal syncytium hyp7 (Sulston and Horvitz, 1977) . In establishing this VPC fate pattern, three intercellular signals are assumed to be involved (for review, see Horvitz and Sternberg, 1991) . The first is an inductive signal from the AC, which induces the nearest VPC to adopt 1" fate or three VPCs to adopt 1" or 2" fate. The second is a lateral signal from a 1" fate cell, which inhibits the neighbors to take 1" fate or leads them to take 2" fate. The third signal is inhibitory and may originate in the surrounding hypodermal syncytium hyp7, which prevents VPCs from adopting the vulva1 fates in the absence of an inductive signal (Herman and Hedgecock, 1990) .
In a current hypothesis, vulva1 induction begins when the AC secretes Lin-3, a TGFa-like molecule (Hill and Sternberg, 1992) . This signal binds and activates the let-23 receptor tyrosine kinase, which is similar to mammalian EGF receptors, possibly through dimerization and autophosphorylation . The signal from the activated LET-23 is transduced through sem-5 SH3-SH2-SH3 adapter, let-60 Ras protein, Zin-45 Raf serinelthreonine kinase and mpk-I/w--I MAP kinase to the nucleus to execute the vulva1 fate (Beitel et al., 1990; Han et al., , 1993 Clark et al., 1992; Lackner et al., 1994; Wu and Han, 1994) . This pathway is similar to receptor tyrosine kinase-mediated signal transduction pathways in vertebrates and invertebrates (for review, see Blenis, 1993; Nishida and Gotoh, 1993; Sternberg, 1993 (Sulston and Horvitz, 1977; Kimble and Hirsh, 1979 ). In the current hypothesis, three intercellular signals, described in the upper part of the figure, lead the VPCs to vulval fates (1" or 2") or hypodermal fate (3") as shown in the lower part (for review, see Horvitz and Stemberg, 1991) . The lateral signal between P6.p and P5.p or P7.p could be mutual or inhibitory. The lineage of cells derived from each VPC is shown at the bottom (Sulston and Honk, 1977) .
Also, homologues of C. elegans genes can replace their counterparts in vivo (Vaux et al., 1992; Stern et al., 1993; Hengartner and Horvitz, 1994; Lee et al., 1994; Wu and Han, 1994) . Therefore, although a MAP kinase kinase (MAPKK) has not been identified in the vulva1 induction pathway, it is possible that a MAPKK of another organism would function in vulva1 induction. The Dsor-1 gene encodes a MAPKK of Drosophila, which acts downstream of D-raf, a Raf kinase homologue. A Dsor-I gain of function mutation sul can suppress the phenotypes caused by a mutation in Draf-I, such as lethality at eclosion and defects of development of an embryonic termini and a compound eye (Perrimon et al., 1985; Nishida et al., 1988; Ambrosio et al., 1989; Tsuda et al., 1993) . We expressed a Dsor-l(sul) cDNA in C. elegans animals carrying a vulvaless mutation in lin-3, let-23 or lin-45. In these animals, the reduced activity of the respective gene normally causes P5.p, P6.p and P7.p to adopt the hypodermal 3" fate as well as the other Pn.p cells and therefore no vulva is formed. Dsor-l(sul) expression permitted P5.p, P6.p and P7.p to adopt the vulva1 fates in each of the vulvaless backgrounds. These results strongly suggest that a C. elegans MAPKK has a function in the vulva1 induction pathway.
Results

Expression of a Drosophila MAPKK, Dsor-I, induces a normal vulva in lin-3, let-23 and lin-45 vulvaless mutants
cDNAs of the Dsor-1 (wild type) and Dsor-l(sul), which has a mutation corresponding to sul gain-offunction allele (Tsuda et al., 1993) , were inserted into expression vectors with a promoter of heat shock protein hsp16-41 or elongation factor la (EFla) and an unc-54 polyA addition signal (see Section 4) . These constructs were introduced into vulvaless mutants, lin-3(n378), let-23(sy97) or lin-45(sy96) together with a marker gene rol-6(d) or dpy-20 by germline transformation (Stinchcomb et al., 1985; Mello et al., 1991) . The introduced DNAs form a concatemeric extra-chromosomal array which consists of up to several hundred copies of the injected DNA. In the transformants with Dsor-I (sul), P5.p, P6.p and P7.p cells were induced to take 2", 1" and 2" fates, respec-tively, leading to a vulva normal in both structure and function (Fig. 2) . transgenes, when heat shocked for the hsp construct, induced a normal vulva in about 70% or more animaIs with each vulvaless mutation, while only egg laying defective (Egl) animals were found without a transgene (Table 1 , Expts. 2-5). These results clearly show that the activated form of MAPKK supplied from a transgene can compensate for loss or reduction of the vulva1 induction due to defects in LIN-3, LET-23 or LIN-4.5. A simple interpretation is that the activated form of foreign MAPKK activates a component downstream of LIN-3, LET-23 and LJN-45. Dsor-l(wild type) also induced a vulva in some let-23 animals, although it was less effective than the activated form: 3% of Fl with Ex were non-Egl in Table 1 , Expt. I, but in about 50% of the Egl animals, a nearly complete or an incomplete vulva was observed under a stereomicroscope (data not shown).
Induction of a vulva1 fate by the foreign MAPKK is limited to P5.p, P6.p and P7.p cells
Since the six vulva1 precursor cells are thought to be equally responsive to the inductive signal (Sulston and White, 1980; Sternberg and Horvitz, 1986; Thomas et al., 1990; Hill and Sternberg, 1992) , it was unexpected that the Dsorl(sul) transgene induced only P5.p, P6.p and P7.p leading to a normal vulva, and did not induce P3.p, P4.p and P8.p leading to a multi-vulva (Muv). This result is different from the result with let-60ras. A chromosomal let-60 gain-of-function mutation is known to cause a Muv phenotype by anchor cell independent activation of the vulva1 induction pathway in all the six VPCs (Beitel et al., 1990) . Also, extrachromosomal copies of the wild type let-60 gene caused a Muv phenotype in chromosomally wild type, let-23, or lin-3 animals (Han and Sternberg, 1990) . To exclude the possibility that the result with
was due to inefficient expression of the transgene in P3.p, P4.p and P8.p cells, a cDNA for an activated form of let-60ras, let-60G13E was used as a positive control. This cDNA substitutes the glycine residue at position 13 to glutamate, and corresponds to the n1046 allele (Beitel et al., 1990) . Fig. 3b and Table 2A show that the activated ras transgene caused Muv whereas the activated MAPKK transgene did not (Fig. 2c, 3a and Table  2A ) even though the same vector and the same method of transformation were used. Therefore, vulva1 induction by the activated MAPKK expression appears to be governed by an AC, while vulva1 induction by the activated Ras is free from control of AC. However, along with an mpk-l mutation (n2521 or kul, which are thought to be reduced function mutations of a MAPK gene), the chromosomal ras gain-of-function mutation, and Han, 1994) . To determine if vulva1 induction, by the MAPKK expression or in the mpk-l;let-60(gf) mutant in only three VPCs, is dependent on the AC, the whole gonad including AC was removed by laser killing of gonadal founder cells. Vulva1 induction did not occur at all either in the transformant carrying the activated MAPKK construct or in mpk-l(n2521);let-60(&I mutant (Table 3 ). These results show that an AC is needed for vulva1 induction in the MAPKK transgenic animals and the mpkl(n2521);let-60(gj) double mutant. Therefore, it is not likely that P3.p, P4.p and P8.p differ from P5.p, P6.p and Expression of Dsorl(su1) cDNA with a heat shock promoter in mpk-l(n252l);fet60(gf) animals led to a drastic change. Most animals became clear several hours after heat induction because their gonad and intestine detached from the body wall and shrank severely (Fig.  3f) . This phenotype is similar to that observed when an activated ras cDNA let-60Gl3E was expressed with a heat shock promoter in transgenic animals which were chromosomally wild type for vulva1 induction (Fig. 3e) . The clear animals looked very sick and did not recover. However, at least 25% of L4 animals, which had been heat shocked at their L2 stage, developed to Muv adults (Table 2B , Expt. 4 and Fig. 3~ ). Without heat shock, about half of the animals of this transformant line have one or two small protrusions such as seen in Fig. 3b , possibly due to leaky expression of Dsor-l(su1) from the heat shock promoter, and these animals were counted as Muv animals. That Muv animals were found in a smaller fraction of the heat induced animals than of the uninduced animals was probably due to inhibition of vulva1 and other developmental processes by the drastic effect of over-expression of activated MAPKK. These results suggest that Dsorl(su1) protein co-operated with the activated let-60 Ras protein to overcome the reduction of MAPK function by mpk-l(n2521) mutation.
Discussion
MAPKK probably acts downstream of lin-45 Raf in vulva1 induction pathway
We have shown that expression of Dsor-1 or its activated form suppresses the vulvaless phenotype of lin-3(n378), let-23(sy97) and lin-45(sy96) to induce a normal vulva. The simplest explanation for these findings is that Dsorl protein activates a component downstream of all the products of these three genes. In this case, the plausible target for Dsorl protein is the mpk-Usur-1 protein for the following three reasons. Firstly, mpk-Usur-1 encodes a MAPK homologue, which acts as an activator downstream of let-60 Ras in vulva1 induction pathway (Lackner et al., 1994; Wu and Han, 1994) . Secondly, Dsor-1 encodes a MAPKK in Drosophila. Thirdly, MAPKK phosphorylates specifically the threonine and tyrosine residues of the TEY sequence in MAPK, and no other substrates have been found in vertebrates so far. Also, no kinase other than MAPKK has been found to be a dual specificity kinase which activates MAPK by phosphorylation of both threonine and tyrosine (for review, see Nishida and Gotoh, 1993) .
Dsor-l(su1) also suppressed mpk-l(n2521) when let-60(n1046) was present. This was probably due to the weakness of mpk-l(n2521) mutation, since the single mpk-1 mutant is normal and not Vul. However, it is possible that Dsor-1 could work downstream of mpk-1, or that Dsor-1 works in a pathway parallel to one including mpk-1, Our results suggest MAPKK involvement in the vulva1 Table 2 Induction of Muv by induction pathway. In C. elegans, a MAPKK homolog was identified first as a cDNA clone, through a systematic cDNA sequencing project (Waterston et al., 1992) . Independently, at least three laboratories (those of P. Sternberg, K. Guan and ours) have cloned the same gene, which we termed ceMEK. Despite our collaboration to determine if ceMEK can suppress the vulvaless phenotype of a let-23 mutant as does Dsorl, by using a cosmid clone or expression constructs with a full length cDNA, we did not obtain a positive result. The ceMEK may not be the MAPKK coupled with MPK-l/SUR-1, which is consistent with the results obtained by over-expression of ceMEK (data not shown). Alternatively, extrachromosoma1 expression of the wild type protein may be insufficient for suppression.
The Dsorl(su1) ability to induce a vulva depends on AC
Expression of Dsorl(su1) induced only P5.p, P6.p and P7.p cells to form a normal vulva in lin-3(n378), let-23(sy97) and lin-45(sy96) mutants. Furthermore, when an AC was removed, Dsorl(su1)
did not induce VPCs to vulva1 fates at all even in chromosomally wild type animals. These results indicate that the ability of Dsor-l(su1) to induce a vulva1 fate depends on the AC. Two explanations may be possible. First, LIN-3(n378), and mutant proteins must have residual activity since their null mutations are thought to be lethal (Herman, 1978; Ferguson and Horvitz, 1985; Aroian and Sternberg, 1991; Han et al., 1993) . Therefore, even when carrying these mutations, P5.p, P6.p and P7.p are further activated by the induction signal from AC to a level enough to take a vulva1 fate in the presence of Dsorl(sul) expression. The second explanation assumes a signal secreted from the AC other than LIN-3, which facilitates the VPCs near AC to adopt a vulva1 fate. In wild type animals, cooperation of LIN-3 with this signal X is required for vulva1 induction. Dsorl(su1) can reinforce only the induction pathway following LIN-3. If so, Dsorl(su1) can only rescue defects of the lin-3 pathway, such as lin-3, let-23 and lin-4.5, but not absence of the AC. A hypothetical signal transduction pathway following X, if it exists, may play a supportive or regulatory role for the lin-3 pathway.
Experimental procedures
Strains and genetics
Methods for culturing, handling and genetic mani-pulation of C. elegans were as described by Brenner (1974 LG III linked-single mutation: mpk-l(n2.521). -
LG IV linked-single mutations: let-60(n1046), lin-3(n378), dpy-20(e2017).
-
LG IV linked-double mutations: lin-45(sy96) dpy-20(e1282).
Construction offusion genes
Two expression vectors, pPD49.83 and pPDEFla, were used. pPD49.83, a gift from A. Fire, consists of pUC19 plasmid backbone and several components arranged as follows: a promoter region of about 400 bp from a heat shock gene hsp16-41, a synthetic intron segment of 75 bp, 41 bp multi cloning sites (MCS) and 755 bp unc-54 3' untranslated region including the poly A addition site (Perry et al., 1993) . pPDEFla was constructed by exchanging the heat shock promoter region of pPD49.83 with PCR amplified 2.7 kbp promoter region of an EFla gene homologue of C. elegans, which we cloned with a mammalian probe and refer as EFla-1 (unpublished).
hsp-Dsorl and hsp-Dsorl(su1) were constructed by inserting an EcoRI fragment of a cDNA encoding a fulllength wild type Drosophila MAPKK protein or mutant protein corresponding to sul allele (Tsuda et al., 1993; Y. Nishida, personal communication) into the Kpn I site in the MCS of pPD49.83. The cDNA fragment contained 14 bp of 5' -untranslated region, 1179 bp of coding region, 152 bp of 3'-untranslated region and EcoRI linkers at the ends. was constructed by inserting the Dsorl wild type cDNA into the Kpn I site in the MCS of pPDEFla. let-60G13E cDNA was made by PCR amplification of a let-60 cDNA clone, pCDNA4 (Han and Sternberg, 1990) . For this PCR, we used a 42-mer mutated primer (5'-atg acg gag tat aag ctt gtg gta gtt gga gat gga gaa gtt-3') which corresponds to the sequence from the initiating methione to the valine 14 of let-60 cDNA except for G to A substitution of the 38th nucleotide, and a 17-mer primer (3'-tc aca gtt tat tat act-5') which corresponds to the antisense sequence of the end of the coding region including the stop codon. The amplified cDNA was cloned into T-vector (Promega) and the G to A substitution was confirmed by DNA sequencing. hsp-let60G13E and EFlap-let60G13E were constructed by inserting the cloned let-60G13E cDNA fragment into the Kpn I site in the MCS of pPD49.83 and pPDEFla, respectively.
Production of transgenic strains
An uncut plasmid DNA of the fusion gene constructs (5-50 ng/pl) was injected with a marker gene plasmid (pRF4 carrying a dominant rol-6(su1006) mutant gene which causes Rol, or pMH86 carrying a dpy-20 wild type gene which rescues Dpy phenotype of dpy-20 mutation, 10-50 ng/pl) into distal arms of hermaphrodite gonads (Fire, 1986; Mello et al., 1991) , using a MO-202 micromanipulator (Narishige) and an Axiovert-35 inverted microscope (Zeiss). Each plasmid was prepared in 100 ng/@ solution. A fusion gene and a marker gene were mixed at I:1 ratio for injection in general, but in Expt. 3 of Table 1 and Expts. 2 and 3 of Table 2 those were mixed at 1:20 ratio, and in Expt. 5 of Table 1 , EFlap-Dsorl(sul), hspDsorl(su1) and pMH86 were mixed at 1:2:2 ratio. The animals were allowed to recover in M9 buffer and transferred onto NGM plates seeded with E. coli (Fire, 1986) . Transgenic animals from Fl progeny (identified by Rol or non-Dpy phenotype) were cloned individually and animals which transmitted the genes to their progeny were selected. Introduced plasmids were presumed to carry an extrachromosomal array, Ex, a concatemer of several hundred copies. cDNAs, R. Aroian, P. Kayne, J. Mendel and P. Sternberg for let-23, lin-3 and lin-4.5 mutant strains and the let-60 cDNA clone and communicating unpublished information, S. Kim for the mpk-I;let-60(gf) mutant strain, Caenorhabditis Genetics Center for the wild type and other strains, I. Mori, K. Ogura, H. Honda and other members of our laboratory for providing strains and stimulating discussions, and P. Sternberg and P. Kayne for critical comments. This research was supported by a grant from the Ministry of Education, Science and Culture of Japan and a grant from the Science and Technology Agency of Japan.
